Vasohibin-2 (VASH2) is a homolog of VASH1, an endothelium-derived angiogenesis inhibitor. Vasohibin-2 is mainly expressed in cancer cells, and has been implicated in the progression of cancer by inducing angiogenesis and tumor growth. Although VASH2 has been recently reported to be involved in epithelial-mesenchymal transition (EMT), its precise roles are obscure. The aim of the present study was to clarify the role of VASH2 in the EMT of cancer cells in relation to transforming growth factor-b (TGF-b) signaling, which is a major stimulator of EMT. Decreased expression of VASH2 in ovarian cancer cells significantly repressed the expression of TGF-b type I receptor, namely activin receptor-like kinase 5. Transforming growth factor-b1-induced phosphorylation of Smad2 and Smad3 was markedly decreased in VASH2 knockdown cells while the expression of Smad2 and Smad3 was unchanged. Accordingly, the responses to TGF-b1 shown by promoter assay and plasminogen activator inhibitor type 1 expression were significantly attenuated in VASH2 knockdown cells. Furthermore, knockdown of VASH2 in cancer cells abrogated the TGF-b1-induced reduced expression of epithelial markers including E-cadherin, and the elevated expression of mesenchymal markers including fibronectin, ZEB2, and Snail2, suggesting that endogenous VASH2 is required for TGF-b1-induced EMT. In accordance with these results, the effects of TGF-b1 on cell morphology, migration, invasion, and MMP2 expression were also abrogated when VASH2 was knocked down. These results indicate that VASH2 played a significant role in the EMT by modulating the TGF-b signaling. We propose that VASH2 would be a novel molecular target for the prevention of EMT in cancers. E pithelial-mesenchymal transition (EMT) is a complex cellular program that regulates changes in cell morphology and function during embryogenesis and tissue development, and it is also involved in cancer progression and metastasis.
Vasohibin-2 (VASH2) is a homolog of VASH1, an endothelium-derived angiogenesis inhibitor. Vasohibin-2 is mainly expressed in cancer cells, and has been implicated in the progression of cancer by inducing angiogenesis and tumor growth. Although VASH2 has been recently reported to be involved in epithelial-mesenchymal transition (EMT), its precise roles are obscure. The aim of the present study was to clarify the role of VASH2 in the EMT of cancer cells in relation to transforming growth factor-b (TGF-b) signaling, which is a major stimulator of EMT. Decreased expression of VASH2 in ovarian cancer cells significantly repressed the expression of TGF-b type I receptor, namely activin receptor-like kinase 5. Transforming growth factor-b1-induced phosphorylation of Smad2 and Smad3 was markedly decreased in VASH2 knockdown cells while the expression of Smad2 and Smad3 was unchanged. Accordingly, the responses to TGF-b1 shown by promoter assay and plasminogen activator inhibitor type 1 expression were significantly attenuated in VASH2 knockdown cells. Furthermore, knockdown of VASH2 in cancer cells abrogated the TGF-b1-induced reduced expression of epithelial markers including E-cadherin, and the elevated expression of mesenchymal markers including fibronectin, ZEB2, and Snail2, suggesting that endogenous VASH2 is required for TGF-b1-induced EMT. In accordance with these results, the effects of TGF-b1 on cell morphology, migration, invasion, and MMP2 expression were also abrogated when VASH2 was knocked down. These results indicate that VASH2 played a significant role in the EMT by modulating the TGF-b signaling. We propose that VASH2 would be a novel molecular target for the prevention of EMT in cancers. E pithelial-mesenchymal transition (EMT) is a complex cellular program that regulates changes in cell morphology and function during embryogenesis and tissue development, and it is also involved in cancer progression and metastasis. (1) (2) (3) The EMT is characterized by loss of cell-cell contact with decreased expression of epithelial markers such as E-cadherin, increased expression of mesenchymal markers such as fibronectin and vimentin, elongated cell morphology, and increased cell motility and invasiveness. (4) Various factors have been implicated in this process, and they act in a sequential or cooperative manner. Among them, transforming growth factor-b (TGF-b) is a principal factor that induces the EMT by propagating intracellular signaling pathways, namely, those involving Smads, and by activating certain transcriptional factors such as Snails and ZEBs, which repress the transcription of the E-cadherin gene. (5) (6) (7) (8) Transforming growth factor-b is present in the tumor microenvironment, and is considered to be the most potent inducer of the EMT. (9) Transforming growth factor-b is a homodimeric multifunctional cytokine involved in the regulation of proliferation, differentiation, migration, and survival of many different cell types. (10) Three isoforms of TGF-b are present in mammals, TGF-b1, TGF-b2, and TGF-b3, which show partly overlapping as well as distinct functions. (11, 12) Transforming growth factor-b signals are transduced by TGF-b type II receptor (TbRII) and TGF-b type I receptors (TbRI), namely activin receptor-like kinase 5 (ALK5). Following binding of TGF-b to TbRII, ALK5 is recruited and phosphorylated, which leads to activation of downstream signals that are transduced by intracellular effectors, termed Smads. (13, 14) Activation of ALK5 induces the phosphorylation of Smad2 and Smad3, followed by their translocation to the nucleus in a complex with the common Smad, Smad4, to regulate the transcription of various target genes. (15) Previously we searched for and isolated novel angiogenesis regulators that we designated as vasohibin-1 (VASH1) and vasohibin-2 (VASH2). (16) Vasohibin-1 is an endothelium-derived angiogenesis inhibitor, whereas VASH2 is a homolog of VASH1, which acts as an angiogenesis stimulator. (17, 18) Importantly, VASH2 is expressed by various cancer cells, including ovarian cancer cells, and it promotes tumor angiogenesis and tumor growth. (18) Overexpression of VASH2 enhances tumor angiogenesis and tumor progression, whereas knockdown of VASH2 suppresses them. (18) Furthermore, when Apc min/+ mice are crossed with Vash2 lacZ/lacZ mice, the number of intestinal tumors are significantly decreased. That decrease is associated with normalization of tumor vessels. (19) These results suggest a paracrine effect of VASH2 on tumor angiogenesis.
Recently, it was reported VASH2 promotes malignant transformation through promoting the EMT in hepatocellular carcinoma. (20) However, the biological role of VASH2-dependent regulation of EMT has not yet been identified. Here we hypothesized VASH2 to be involved in the regulation of TGFb signaling and examined this possibility. Our present study disclosed that the knockdown of VASH2 downregulated the expression of ALK5. Accordingly, the TGF-b signaling was significantly attenuated, with a reduction in the TGF-b-induced EMT, a mechanism that has not been previously identified.
Materials and Methods
Antibodies used for immunodetection of proteins. We used the following antibodies for Western blot analysis: E-cadherin Cell culture. DISS and SKOV3 cells and VASH2 knockeddown (sh-VASH2) clonal cell lines from DISS cells were described previously. (21) Cells were maintained in DMEM (Wako, Saitama, Japan) with 10% FBS (Sigma-Aldrich) and penicillin-streptomycin (Wako). For experimental treatments, the serum was reduced to 0.5% and 10 ng/mL TGF-b1 (Wako) or 5 lM SB431542 (Wako) was added.
Immunostaining. For confocal microscopic analysis, the siVASH2 and siControl DISS transfected cells, or shVASH2 and sh-control DISS cells, were seeded on coverslips in a 12-well plate at a density of 12 9 10 4 cells and cultured overnight at 37°C in DMEM with 10% FBS. The next cells were starved for 4 h in DMEM containing 0.5% FBS, followed by treatment with or without 10 ng/mL TGF-b1 for 72 h. Cells were then fixed with ice-cold mixture of methanol-acetone (1:1) for 30 s, blocked with 1% BSA, and incubated with anti-E-cadherin (1:200 dilution) and anti-SM22a (1:1000 dilution) antibodies overnight at 4°C. The next day, cells were incubated with secondary antibodies conjugated either with Alexa Fluor 488 (1:500 dilution) or Alexa Fluor 594 (1:500 dilution) for 1 h at room temperature to visualize stained molecules.
After extensive washing, cells were mounted in ProLong Diamond with DAPI (Life Technologies). The images were captured under a confocal microscope (FV10i; Olympus, Tokyo, Japan).
Western blot analysis. Cells were lysed in RIPA buffer containing 0.1% SDS (Nacalai Tesque, Kyoto, Japan) and Phos-STOP phosphatase inhibitor cocktail (Roche, Basel, Switzerland). The protein concentration was determined by the Lowry protein assay (Bio-Rad Laboratories, Hercules, CA, USA). Equal amounts of proteins were separated by SDS-PAGE and transferred to PVDF membranes (Bio-Rad Laboratories). The membranes were then probed with the desired antibodies. Chemiluminescence detection was carried out by using Immobilon Western Chemiluminescent HRP substrate (Merck Millipore) and LAS-4000 (Fuji Photo Film, Tokyo, Japan).
RNA interference. Small interfering RNA specific for human VASH2 (sense, CACUCUGAAUGAAGUGGGCUAUCAA; Thermo Fisher Scientific) and a negative control oligonucleotide (stealth siRNA; Thermo Fisher Scientific, Waltham, MA, USA) were used. Cells were reverse-transfected with siRNAs by using Lipofectamine RNAi MAX transfection reagent (Thermo Fisher Scientific) at a final concentration of 10 nM.
Adenovirus infection. For the overexpression of ALK5, we used adenovirus vectors encoding HA-tagged constitutively active form of human ALK-5 (AdALK5-TD). (22) The shVASH2 cells were plated in 35-mm dishes at 2 9 10 5 cells and cultured overnight at 37°C in DMEM with 10% FBS. The following day, medium was replaced by DMEM containing 2% FBS and cells were infected with AdALK5-TD or AdLacZ at a final MOI of 100. Cells were incubated for an additional 48 h, then RT-PCR and Western blot analysis were carried out.
Quantitative real-time RT-PCR. For preparation of total RNA, 2 9 10 5 cells were cultured in 6-well tissue culture plates. Total RNA was isolated by using an RNeasy mini kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. First-strand cDNA was prepared from 1 lg total RNA using ReverTra Ace (ToYoBo, Osaka, Japan). The quantitative realtime RT-PCR was undertaken by using a CFX96 real-time PCR detection system (Bio-Rad Laboratories) according to the manufacturer's instructions. Each mRNA level was measured as a fluorescent signal corrected according to the signal for b-actin.
Transfection and luciferase assays. The TGF-b-responsive reporter gene vector ((CAGA) 9 -Luc) and pRL-TK vector were kindly provided by Professor Dan Rifkin (New York University, School of Medicine, New York, NY, USA) and Professor Scott Friedman (Mount Sinai, School of Medicine, New York, NY, USA), respectively. DISS and SKOV3 cells were transiently transfected with the (CAGA) 9 -Luc and the internal control pRL-TK vector by using FuGENE HD (Promega, Madison, WI, USA). The cells were stimulated with 10 ng/mL TGF-b1, and luciferase activities were quantified 24 h later by a dual luciferase assay (Promega). Values were normalized with the Renilla luciferase activity expressed from pRL-TK. Luciferase values shown in the figures are the average of three independent experiments performed in duplicate.
Migration assay and invasion assay. The migration potential of DISS cells was determined by using a 24-well Transwell with an 8.0-lm Pore Polycarbonate Membrane Insert (Corning, New York, NY, USA). Following preincubation for 16 h in DMEM and 0.5% FCS, the cells were treated for 24 h with 5 ng/mL TGF-b1. Subsequently, the cells were added at 1 9 10 4 cells to the upper chamber (insert); the lower chamber was filled with DMEM 1% FCS. The DISS cells were allowed to migrate for 6 h, and those that had migrated across the filter were fixed in methanol and stained with DAPI. The number of total cells that had migrated was counted. The invasion potential was determined by using a 24-well Matrigel invasion chamber (Corning). Following incubation in DMEM 0.5% FCS, the cells were treated with 5 ng/mL TGF-b1 for 48 h. Then 1 9 10 4 cells were added to the upper chamber, after which the lower chamber was filled with DMEM 10% FCS. The cells were incubated for 24 h, and invasive cells were fixed, stained, and counted.
Statistical analysis. The results were expressed as the mean and standard deviation. (15) Data were analyzed using the unpaired Student's t-test. In all statistical analyses, a P-value < 0.05 was considered statistically significant.
Results
Knockdown of VASH2 reduces ALK5 expression. Given that VASH2 is involved in the EMT, (20) we sought its mechanism by using human serous ovarian carcinoma cell lines DISS and SKOV3. As the principal regulator of the EMT is TGF-b, we examined whether VASH2 could affect the TGF-b signaling pathway. When VASH2 in DISS or SKOV3 cells was knocked down by its siRNA, the expression of ALK5 was significantly decreased, whereas TbRII expression was maintained (Fig. 1a-d) . We further used the DISS cell line stably transfected with shVASH2 (shVASH2 cells) and its control mock cells, and confirmed the significant reduction in ALK5, but not TbRII, expression (Fig. 1e,f) .
Vasohibin-2 is required for activation of TGF-b1 signaling pathway. As ALK5 is requisite for TGF-b signaling, we investigated whether VASH2 knockdown would attenuate the TGF-b signaling. We used the (CAGA) 9 -Luc reporter for the assessment of TGF-b signaling. When VASH2 was knocked down by its siRNA in SKOV3 cells, TGF-b1 stimulated luciferase activity was significantly decreased (Fig. 2a) . Plasminogen activator inhibitor type 1 (PAI-1) is a representative target induced by TGF-b. When VASH2 was knocked down by siRNA in SKOV3 cells, the TGF-b1-stimulated induction of PAI-1 was significantly decreased (Fig. 2b) . These changes were confirmed in the cell line stably transfected with shVASH2 ( Fig. 2c,d ). The construct drives the expression of the luciferase gene through a promoter containing CAGA boxes to which activated Smad2/3 binds. (23) We therefore examined the status of Smad2 and Smad3. Smad2 and Smad3 protein levels were almost identical between mock and shVASH2 cells. But when those cells were stimulated with TGF-b1, the phosphorylation of Smad2 and Smad3 was markedly repressed in shVASH2 cells (Fig. 2e) . These findings support the idea that downregulation of ALK5 by VASH2 knockdown attenuated TGF-b signaling.
Vasohibin-2 is required for EMT induced by TGF-b1. We next tested whether VASH2 was required for the EMT induced by TGF-b1. The mRNA expression of E-cadherin was increased, whereas that of fibronectin and SM22a was decreased in shVASH2 cells. Epithelial-mesenchymal transition is accompanied by the induction of ZEB and Snail families. Among them, ZEB2 and Snail2 levels were decreased in shVASH2 cells. Moreover, TGF-b1 decreased the mRNA expression of E-cadherin and increased that of fibronectin, vimentin, SM22a, ZEB2, and Snail2 in mock cells, but those responses were abrogated in shVASH2 cells (Fig. 3a) . Western blot analysis showed that E-cadherin expression was increased, whereas that of fibronectin was decreased, in shVASH2 cells. Moreover, when cells were stimulated with TGF-b1, E-cadherin was decreased, and fibronectin was increased, in mock cells, but those responses were abrogated in shVASH2 cells (Fig. 3b) . These changes were confirmed in the cells transfected with control or VASH2 siRNA (Fig. 3c ). Significant changes in the expression of E-cadherin, fibronectin, SM22a, ZEB2, and Snail2 in unstimulated shVASH2 cells raised the question as to whether or not those changes were dependent on endogenous TGF-b. To test this, we used SB431542, an inhibitor of ALK5. SB431542 significantly increased the expression of E- cadherin and decreased that of fibronectin, SM22a, ZEB2, and Snail2 (Fig. 3d) . Alternatively, we undertook a rescue experiment by transfecting shVASH2 cells with AdALK5-TD to overexpress constitutively active ALK5 (Fig. 3e) . This transfection decreased the expression of E-cadherin and increased those of fibronectin and SM22a in shVASH2 cells (Fig. 3f) . Collectively, these data indicate that VASH2 is required for the expression of ALK5, which is essential for the signaling of TGF-b for EMT.
Immunofluorescence staining showed that E-cadherin expression was increased, whereas that of SM22a was decreased, in shVASH2 cells. Moreover, when cells were stimulated with TGF-b1, E-cadherin was decreased and SM22a was increased in the mock cells, but those responses were abrogated in shVASH2 cells. The reduced responses to TGF-b1 were further confirmed in cells transfected with control or VASH2 siRNA (Fig. 4) .
Vasohibin-2 knockdown attenuates TGF-b1-induced cell invasion. Epithelial-mesenchymal transition induces morphological changes of epithelial cells from cobblestone-like structures to elongated spindle shapes. Mock cells became elongated when they were treated with TGF-b1 (Fig. 5a ). We did not observe significant differences in morphology of shVASH2 cells from mock cells in the absence or presence of TGF-b1 (Fig. 5a ).
As EMT also increases the migration and invasion of epithelial cells, we then examined the roles of endogenous VASH2 in cell migration and invasion. Transforming growth factor-b1-induced cell migration was observed in both mock and shVASH2 cells and VASH2 knockdown decreased the number of migrated cells regardless of TGF-b stimulation (Fig. 5b) . In contrast, VASH2 knockdown repressed the TGF-b1-induced increase in DISS invasion ability (Fig. 5c ). Increased invasion ability during EMT is accompanied with increased expression of MMP family members. It is known that MMP2 degrades the ECM, (24) which was induced by TGF-b1. In accordance with the decreased invasive ability in shVASH2 cells, TGFb1-induced MMP2 expression was attenuated by knockdown of VASH2 (Fig. 5d ).
Discussion
Vasohibin-2 is expressed in cancer cells and stimulates tumor angiogenesis in a paracrine manner. (18) Here we examined the effect of VASH2 on cancer cells themselves with regards to the EMT. As TGF-b is a critical factor that promotes the EMT for cancer invasiveness and metastasis, we investigated the role of VASH2 in relation to TGF-b signaling. The knockdown of VASH2 in cancer cells repressed the expression of ALK5; this repression abrogated the downstream signaling of TGF-b for the EMT. Activin receptor-like kinase 5 is critical for the TGF-b signaling pathway, as it activates Smad2/3, and activated Smad2/3 recognizes promoter sequences with a core CAGA motif. Although it has a critical function in TGF-b signaling, little is known about the gene regulation for the expression of ALK5. Our present study reveals for the first time the requirement of VASH2 for the expression of ALK5 and its downstream signaling of TGF-b for EMT in cancers. Further study is required to elucidate the mechanism that drives the regulation of expression of ALK5 by VASH2.
Due to its central role in TGF-b signaling, ALK5 is emerging as a promising target for the blockade of the TGF-b signaling pathway. Indeed, the inhibition of ALK5 is regarded as a promising therapeutic approach. Galunisertib (LY2157299 monohydrate) is an oral small-molecule inhibitor of ALK5 that specifically downregulates the phosphorylation of Smad2 and abrogates the activation of the downstream pathway. Moreover, galunisertib shows antitumor activity in tumor-bearing animal models such as those for breast, colon, and lung cancers, as well as hepatocellular carcinoma. (25) We have been proposing VASH2 to be a molecular target for cancer treatment. Knockdown of VASH2 by the local injection of siRNA against VASH2 in vivo inhibits tumor growth. (26) Based on the present study, we now propose the possibility that knockdown of VASH2 inhibits not only tumor angiogenesis but also the EMT of cancer cells. This possibility should be clarified in vivo in the future.
The phylogenic tree of the vasohibin family of proteins reveals that vasohibin genes are highly conserved among species. (27) Lower organisms possess one common ancestral vasohibin gene, whereas vertebrates have Vash1 and Vash2, suggesting that this common ancestral vasohibin gene became divided into Vash1 and Vash2 during evolution. Blood vessels are organized from vertebrates during evolution, which indicates that the original function of the ancestral vasohibin was unrelated to the regulation of vascular formation, and that vasohibins later became applied to the vasculature in vertebrates. For that reason, it is possible that vasohibins in vertebrates have preserved the original functions of the ancestral vasohibin, and that the effect of VASH2 on the EMT might be one such function.
In our previous reports, we investigated the correlation between VASH2 and microRNAs (miR), and observed an inverse correlation between VASH2 and miR-200b in human ovarian cancer tissue. (21) This inverse correlation was confirmed in human hepatocellular carcinoma. (20) It is well known that miR-200b is involved in the regulation of the EMT by suppressing the expression of ZEB and that this microRNA balances the TGF-b signaling for the EMT. (28, 29) Our present data further suggest an intimate interaction among VASH2, TGF-b, and miR-200b for the regulation of EMT.
It has been reported that ALK5 expression is induced by inflammatory cytokines including tumor necrosis factor-a during EMT of A549 lung carcinoma cells. (30) While the mechanisms behind the regulation of ALK5 expression by various signals have not been elucidated, it is of interest to investigate in the future whether the regulation of ALK5 expression by VASH2 involves signals mediated by inflammatory cytokines.
In summary, our present study revealed that VASH2 is a novel player in EMT by modulating TGF-b signaling. We propose VASH2 to be a possible molecular target for the prevention of EMT in cancers.
